The electrical characteristics of a photoelectric Franck-Hertz cell are measured in argon gas over a wide range of pressure, covering conditions where elastic collisions play an important role, as well as conditions where ionization becomes significant. Photoelectron pulses are induced by the fourth harmonic UV light of a diode-pumped Nd:YAG laser. The electron kinetics, which is far more complex compared to the naive picture of the Franck-Hertz experiment, is analyzed via Monte Carlo simulation. The computations provide the electrical characteristics of the cell, the energy and velocity distribution functions, and the transport parameters of the electrons, as well as the rate coefficients of different elementary processes. A good agreement is obtained between the cell's measured and calculated electrical characteristics, the peculiarities of which are understood by the simulation studies.
I. INTRODUCTION
It was about 100 years ago when James Franck and Gustav Ludwig Hertz carried out their famous experiment [1] that demonstrated the quantized nature of atomic energy levels, postulated in Bohr's model of atoms. "For their discovery of the laws governing the impact of an electron upon an atom" [2] they were awarded with the Nobel Prize in Physics in 1925.
In their experiment Franck and Hertz studied the behavior of electrons under the effect of electric fields, in the presence of mercury vapor. Their experimental cell had a cathodegrid-anode configuration. They launched electrons from a thermionic cathode in the first region of their experimental cell and accelerated them by a variable voltage (V cg > 0). In the second region of the cell, which was separated from the first region by a wire grid, a decelerating voltage (V ga < 0) was applied. In the case of no significant energy loss in the first region, the electrons were able to overcome this potential difference and arrived at the anode (creating an anode current I a ), provided that V cg > |V ag |. Franck and Hertz have observed that as V cg was increased (at fixed V ag ), a sudden decrease of the anode current I a took place. This effect was explained by the possibility that the accelerated electrons excite a discrete energy level of the Hg atom in inelastic collisions, resulting in a well-defined energy loss, which prevented these electrons from reaching the anode. With further increasing V cg a series of peaks and valleys was recorded in the I a (V cg ) characteristic, with a constant separation of the peaks at ε ∼ = 4.9 eV. The periodicity of the peak-valley structure has been the consequence of multiple excitation processes by individual electrons. Light emission from Hg vapor at λ = 253.7 nm has also been observed, which wavelength corresponds to an excitation threshold of 4.9 eV, according to ε = hc/λ. During the past decades the Franck-Hertz (FH) experiment has become a standard subject of undergraduate physics laboratories, and its theoretical analysis has been a topic of continued interest, e.g., Refs. [3] [4] [5] [6] [7] . Besides Hg vapor, experiments with noble gases have been reported as well, but, however, without a detailed analysis.
Franck-Hertz tubes with four electrodes (referred to as "extended FH cells") have also been developed; these experimental arrangements provide the possibility to resolve various excitation levels (critical potentials) of atoms [8] [9] [10] . In Ref. [10] the experimental conditions were optimized for the measurements of the critical potentials of mercury, while in a subsequent paper [11] , an analytical theory was developed that explained the prominent features, including the double-layer formation, in the extended Franck-Hertz experiment.
The correct description of the FH experiment, which intends to go beyond qualitative explanations, requires a treatment at the level of the kinetic theory [12, 13] due to the appearance of nonequilibrium effects [14] in the electron transport. We emphasize that the term "nonequilibrium" is used here to characterize transport and not the thermodynamical state of the system. In the thermodynamical sense, low-temperature weakly ionized plasmas are in most cases nonequilibrium systems, as the electron velocity distribution function (VDF) usually differs from Maxwellian. Nonequilibrium effects in the particle transport typically show up near the boundaries of the systems, as well as in cases when the electric field varies rapidly in space and/or time. In such cases the requirement for the "hydrodynamic" or "(local field) equilibrium" transport, viz., that the electron velocity distribution function is defined by the local electric field to gas density ratio, E(r,t)/n, is violated [14] . We note that the terms "nonequilibrium" [14] [15] [16] [17] [18] and "nonlocal" [19] [20] [21] [22] , to characterize particle transport, have been used synonymously in the literature by different groups of authors. The conditions for the onset of this particular behavior of charged particles have been analyzed in details in previous works; see, e.g., Ref. [20] .
Complex spatial structures in the electron VDF may also develop in a homogeneous electric field. Let us consider a spatial region with homogeneous electric field (E), into which we inject particles from a point source with a certain velocity distribution. The equilibration of the particle swarm with the reduced electric field (the relaxation of the initial VDF toward the equilibrium VDF) requires a certain characteristic length L eq , and the equilibrium VDF is expected to form only beyond this distance. The equilibration of the swarm can be quite complex process, and, depending on E/n and the gas itself, extended spatially periodic structures may exist even in a homogeneous electric field. During the past years considerable attention has been devoted to studies of these periodic structures [23] [24] [25] [26] [27] . The "window" phenomenon, i.e., the range of voltages and gas pressures, within which electron properties oscillate, and outside of which properties simply decay monotonically in space, has been studied in Ref. [28] by means of a fluid model. The effect of magnetic field perpendicular to the electric field on the spatial relaxation of a swarm of charged particles in an idealized steady-state Townsend experiment was described by the solution of the Boltzmann equation in [29] .
We also note that striations in gas discharges (see, e.g., Ref. [30] ), where, however, the electric field is modulated, also bear some similarities to the phenomena occurring in FH cells, although in the latter the electric field is not perturbed by the charged particles to a considerable extent. The physics of striations in rare gases is relatively well understood [30] . Numerical simulations of argon DC discharges have reproduced certain types of moving striations under limited range of discharge conditions [25, 30] .
In Franck-Hertz cells, the lengths of the two spatial regions are typically much shorter than L eq . Therefore, electron transport in these systems is inherently of nonequilibrium character [14] . To cope with the task of a kinetic description of the electrons' behavior one can either turn to the solution of the Boltzmann equation [24, 25, [31] [32] [33] [34] [35] or apply Monte Carlo simulation [36] [37] [38] [39] [40] [41] [42] [43] to trace the electrons. Boltzmann equation analysis of the FH experiment in Hg vapor was accomplished by Sigeneger et al. [44, 45] for a cylindrical geometry and by Robson et al. [46] for a parallel-plane geometry. These analyses have revealed the complex behavior of the energy transfer processes and of the isotropic and anisotropic parts of the electron distribution function, as well as the "macroscopic properties" (mean energy, current density, etc.) of the electrons. They have, however, not compared the theoretical results to any recent experimental data.
Considering the fact that all previous works, that we are aware of, have dealt either with an experiment (without a rigorous kinetic analysis) or with the kinetic description of the phenomena taking place in FH cells (without a rigorous comparison to a recent experiment), a combined experimental and kinetic modeling study could provide a more coherent physical picture of the electron kinetics in FH cells, and thus such an investigation would be in order. Our aim is to carry out and present such a study:
(1) We develop an experimental Franck-Hertz cell, which avoids the need for a thermionic cathode and operates on the basis of photoemission. By eliminating the need for a heated cathode we can ensure a uniform gas density distribution inside the FH cell, which makes modeling more straightforward. We are not aware of (i) any previous experiment based on photoelectrons and (ii) any study that takes into account the nonuniform gas density distribution in the models of "thermionic" FH cells.
(2) We develop a model, which gives an exact description of the electron kinetics by Monte Carlo simulation, based on first principles. In contrast with previous modeling studies our simulation is two-dimensional and accounts for the finite size of the FH cell in all dimensions.
(3) We carry out measurements over a wide domain of pressures, spanning E/n values between conditions where elastic energy losses are significant and conditions where ionization becomes appreciable. We give a critical quantitative comparison between the experimental and simulation results for the whole domain of experimental conditions and present detailed information about the electron kinetics in our FH cell.
To our best knowledge no previous studies have set these goals together; thus the present investigation represents a step toward the understanding of the complex nonequilibrium electron kinetics in the Franck-Hertz experiment.
In Secs. II A and II B, respectively we describe our experimental apparatus and the data acquisition techniques, and present the experimental results. Section III A briefly discusses the Monte Carlo procedure and the modeling assumptions, while in Sec. III B we discuss the modeling results, starting with their comparison with the experimental data, and following with the presentation of the characteristics of the electron swarms in the FH cell under different conditions. Section IV gives the conclusions of our studies.
II. EXPERIMENTAL

A. Experimental setup
The scheme of our experimental setup is shown in Fig. 1 . Our experiment differs in one major aspect from the original FH setting: We use the photoelectric effect to emit electrons from the cathode. To induce photoemission we use a frequency-quadrupled diode-pumped MPL-F-266 nm-3 mW laser (Roither LaserTechnik GmbH) providing λ = 266 nm radiation with single-pulse energy 1.5 μJ, in ≈ 6 nsec pulses, at 2 kHz repetition rate. The average power stability of the laser is better than 10%.
The cathode and anode electrodes are made of aluminium; they have a diameter of 61 mm and a thickness of 8 mm. A magnesium disk with 15 mm diameter is inserted into the center of the cathode, to serve as the source of photoelectrons, due to its high quantum efficiency, η Mg ∼ 5 × 10 −4 [47] . The illuminating laser (described later) has a spot size of about 056409-2 10 × 1 mm on the Mg disk, due to the high angle of incidence (see Fig. 1 ). To suppress photoemission (originating from scattered light) from the cathode outside the Mg disk, as well as from the anode, these surfaces are covered with thin (50 μm) molybdenum plates, expected to have a significantly lower photoelectric yield than Al (η Al ∼ 3 × 10 −5 [48] ) when the Mo surface is not treated.
The grid (wire mesh) is held at x g = 14.9 ± 0.2 mm height above the cathode surface by an Al cylinder (part 3 in Fig. 1 ), to which it is electrically connected. This cylinder surrounds the cathode and the anode, and holds the latter, by ceramic spacers, at a distance d ga = 7 ± 0.2 mm above the grid. Using a proper mesh is crucial in the experiments. We use a rectangular Ni mesh with T = 90% geometric transmission, with square openings and 70 lines/inch density, manufactured by Precision Eforming LLC (type MN17). A high transmission is needed for acceptable signal intensity. A high density minimizes the effect of uneven potential distribution in the plane of the mesh and the penetration of the electric field from either side of the grid into the other side (see, e.g., Ref, [49] ). Such effects have a smoothing effect on the FH characteristics and would complicate the treatment of the grid in the simulation (see later). The thickness of the mesh is about 7 μm.
The FH cell is situated in a vacuum chamber (described in details in Ref. [50] ). To enhance the purity of the system: (1) the vacuum part of the apparatus is pumped down by a turbo-molecular pump to ≈10 −7 mbar and is heated to ∼100
• C by heating tapes, for several hours, preceding the measurements, (2) the experiments are conducted using 6.0 purity argon gas with a slow flow ( 10 sccm), and (3) prior to entering the vacuum chamber, the gas is fed through a cold trap filled with liquid nitrogen.
The light of the laser is fed through a quartz window into the vacuum chamber and reaches the Mg cathode via a slit on the Al cylinder (see Fig. 1 ). With direct illumination of the cathode by the laser beam we observed the effect of Coulomb collisions of photoelectrons that showed up as a smoothing effect (decreased modulation) of the FH characteristics due to the energy spreading of the electrons. To avoid this effect we use for illumination a beam of the laser reflected from a quartz plate, resulting in ∼10% of the initial intensity.
To minimize electrical noise we use batteries to establish the voltages V cg and V ga . The latter is set to a fixed value V ga = −3.05 V, while V cg is scanned between 0 and 55 V. This scanning is realized by a isolated amplifier circuit connected to a National Instruments (USB-6251) card controlled by LabView software running on a personal computer. The same card is used as well for the data collection. The voltage V cg is measured by a digital multimeter (type Metex M-6000M, shown schematically as a voltage meter in Fig. 1 ) connected via RS232 to the computer. The anode current I a is first amplified by a Keithley 427 current amplifier (shown schematically as a current meter in Fig. 1 ) and is sampled by the USB-6251 card. As I a is usually in the nA regime proper shielding of the electrical connections proved to be essential. During the course of measurements data obtained for 80 000 pulses are averaged at each value of V cg . The integration time of the data acquisition is set in a way to ensure that all charges produced in the photoelectron initiated avalanches are collected. We measure the FH characteristics in relative units, as it was not possible for us to carry out an accurate absolute calibration of the system.
B. Experimental results
The FH characteristics have been measured in the pressure range between p = 0.25 and 4 mbar. A series of these characteristics (comprising five different pressure values) are shown in Fig. 2 . Before discussing our results we first comment on the accuracy of the measurements. Within recording one series of FH characteristics we have rechecked points when data collection was accomplished. With this procedure we confirmed that our system was stable within ±2% over the data recording period for the whole series of FH characteristics. When we checked the day-to-day reproducibility of the measured data we have observed some change of the magnitudes of the FH characteristics, most likely due to the slow change of the quantum yield of the Mg disk used as the photocathode. The ratios between the characteristics measured at different pressures (at given voltages), however, were found to remain within ±10%. Note that, as we measure the FH characteristics in arbitrary units, it is their ratios that are the important quantities.
At low voltages, V cg < |V ga |, the measured currents take small negative values (less than 0.1 in the units of Fig. 2) . The reason for this originates in the effect of light scattering from the cathode. A fraction of the UV photons is scattered from the Mg surface and reaches the inner surface of the FH cell. Some of these photons induce electron emission from the anode, which shows up as a negative current. This effect is not expected to be influenced by the cathode-grid voltage, so the characteristics can safely be shifted "upward" for comparison with the modeling results. (Photoelectrons launched from the anode are not considered in the model; see below.) Besides the above effect of "stray" photoemission, another effect also influences the FH characteristics; this is the contact potential between the cathode and anode electrodes. As these two electrodes are made of two different materials, the characteristics have to be shifted by the voltage value corresponding to the difference of the work functions of Mg and Mo. Both these adjustments have already been applied to the data shown in Fig. 2 . A general feature of the FH characteristics is a sharply increasing current when V cg approaches |V ga |. As the initial energy of photoelectrons is between 0 and ≈1 eV (the UV photon energy is the 4.7 eV, while the work function of Mg is 3.7 eV) anode current starts to flow at V cg ≈ |V ga | − 1 V. Following a domain of high current we observe a sudden drop of the current that can be associated with the excitation of the first energy level of Ar. The highest value of relative drop of the current near the first excitation energy is observed at 1 and 2 mbar. The qualitative explanation for this observation is aided by considering the range of the electric fields in the FH cell. Table I shows the accelerating E/n values for a "low" and a "high" value of V cg , 3 and 55 V, respectively, in the first region of the cell, and the retarding field in the second region of the cell, E ret /n.
At the highest pressure of 4 mbar E/n is quite low (e.g., E/n ∼ 7 Td at V cg = 10 V), and the high number of elastic collisions broadens the energy distribution of the electrons. At medium pressures less energy is deposited in elastic collisions, and excitation occurs to the lower-lying levels of Ar. At these conditions peaks in the electron energy spectrum are expected to be sharp, resulting in a high modulation depth of the FH curves. At the lower pressures (where E/n reaches values up to ∼ 600 Td) ionization takes place as well, and this, together with the excitation of a higher number of levels results in a significant broadening of the electron energy spectrum and in a decrease of the modulation of the FH curves, especially at higher accelerating voltages. Apart from these effects the presence of the wall (confining cylinder) is also expected to influence the cell characteristics.
Ionization at the lower pressures results in a significant increase of I a with increasing accelerating voltage, unlike at higher pressures. We can also notice that the energy difference between the consecutive peaks is different at different pressures. It is only at the highest pressure when the distance of the peaks (maxima or minima) is near the first excitation potential. This also convinces one of the fact that the electron kinetics in the experiment is far more complicated compared to the simple picture of monoenergetic electron beams. A more detailed insight in these phenomena can be obtained by the kinetic modeling of the system, as will be described in the forthcoming part of the paper.
III. SIMULATIONS
A. Model
The mathematical description of the experiment is based on Monte Carlo (MC) simulation (see, e.g., Ref. [51] ), in which a high number of electrons is traced as they proceed under the effect of the electrostatic field and under the effect of collisions with the atoms of the background gas. We expect that for a subset of conditions a reduced description of electron kinetics based on the two-term approximation and the Fokker-Planck kinetic equation for the electron distribution function could be applicable. Nonetheless, our aim is to choose a single simulation approach that is undoubtedly applicable to the whole domain of the experimental conditions. The Monte Carlo method allows a fully kinetic description of the particle transport and makes it possible to determine the velocity distribution function and the characteristics of the electron population at any spatial position. An additional advantage of the MC approach is the easy incorporation of boundary conditions. We note that in spite of the pulsed operation of the cell in the experiment time dependence is not taken into account in our simulation results.
The electrostatic potential distribution inside the discharge cell has a cylindrical symmetry, U = U (x,r), where x is the axial coordinate measured from the cathode surface and r is the radial coordinate measured from the cell axis. In the calculation of U (x,r) we assume that the electric field does not penetrate from either side of the mesh to the other side. Furthermore, the grid is represented as an equipotential surface; i.e., its fine structure is not resolved and a zero mesh thickness is assumed (justified by the very small real thickness of ≈ 7μm).
The accelerating voltage V cg is scanned between 0 and 60 V (in steps of 0.5 V), and the retarding voltage is fixed at a value V ga = −3.05 V, corresponding to the experiment. The electrons emitted due to the photoeffect are assumed to have Gaussian initial energy distribution centered at 0.5 eV and having a standard deviation of 0.15 eV, constrained between 0 and 1 eV. The direction of the initial velocity of photoelectrons is randomly chosen over a half sphere. Typically 10 5 primary electrons are released from the cathode for each set of simulation conditions. We assume the gas temperature to be 300 K.
The electrons move (in three-dimensional space) under the effect of the electric field E = −∇U between the collisions with the background gas atoms and with the surfaces. The simulation employs a fixed time step t in the integration of the equation of motion. The probability of a collision between each electron and the gas atoms (using the cold gas approximation),
is checked in each time step (see, e.g., Ref. [51] ). Here σ tot is the total cross section of the electron with an energy ε at time t, and v is the velocity of the electron. Using the cross sections of Hayashi [52] we take into account the elastic scattering of electrons from Ar atoms, electron impact excitation to 25 electronic levels, as well as ionization. The collision kinematics follows the procedures given by Nanbu [53] . Electrons created in ionization processes are also followed in the same way as the "parent" electrons. Quantities of interest (velocity distribution, mean electron energy, etc.) are sampled in each time step. The electrons are traced until they get absorbed by any of the surfaces: at the cathode, at the anode, at the confining cylinder, or at the mesh. The reflection from all these metal surfaces is assumed to be elastic and to have a probability that depends on the angle of incidence (θ ):
where c is constant chosen in a way that R(90 • ) = 1. At the low electron energies considered here it is reasonable to assume that R 0 has a relatively high value, as observed in some previous investigations [54, 55] . Our calculations indicate that the best agreement with the experimental data can be obtained when R 0 = 0.7 is used. The model could clearly be improved at this point by using precise electron reflection data (including both energy and angular dependence of R) for all the different metals (Al, Mg, Mo, Ni) present in the FH cell. Such data are, however, not available, and therefore we decide to handle the reflection process in a unified way, independently of the material. The reproducibility of the experimental electrical characteristics by the modeling calculations (discussed in the next section) confirms that this is a reasonable approach.
The effect of the mesh can be accounted for in the simulation in a simple manner, by assigning a transmission coefficient T , provided that the mesh is "dense enough" (as explained in Sec. II A). We take T to be the geometric transmission (90%). Whenever an electron crosses the mesh plane it is transmitted with a probability T and a reflection process [characterized by a reflection coefficient given by (2)] takes place with a probability 1 − T . As the free path of the electrons is much shorter than the dimension of the FH cell, and as the velocity distribution function of the electrons is expected to be nearly isotropic, at least for the lower values of E/n, the electrons cross the mesh plane several times, in contrast with the naive picture of the FH experiment. This is the fact why the transmission of the grid has a strong effect on the anode current, and why a high-transmission mesh is crucial for acceptable signal levels in the experiment.
It is noted that besides the effect of the external UV laser beam other particles may contribute as well to electron production in the cathode surface. These are the ions and metastable atoms created in collision processes as well as the VUV photons resulting from the decay of excited Ar atoms. In self-sustained discharges ions play a crucial role in the maintenance of the discharge. Our FH cell is, however, not a self-sustained system and operates in a pulsed mode (as described in Sec. II A) at 2 kHz repetition frequency and with about 6 nsec laser pulse length, resulting in a duty cycle of about 10 −5 . The laser-induced photoelectrons and the additional electrons created in ionizations complete their flight to the electrodes over a time within a few tens of nanonseconds. For the ions it takes a much longer time to reach the electrodes, and thus we can safely assume that they create a continuous current, which is, however, extremely small, as it is spread in time. Metastables can in principle contribute to the emission of secondary electrons (like the ions) and, additionally, create ionization in the gas phase. Their influence to secondary electron production can be ruled out on the same basis as for the ions. As to gas-phase processes, ionization may occur due to a stepwise process in electron-metastable collisions and in metastable-metastable collisions. Considering the extremely low currents (our peak currents are in the nA regime) and the small duty cycle, an appreciable metastable density, which would be necessary for these processes to take place, cannot build up in our system. Finally, resonance VUV photons are imprisoned in the gas, and their flux at the electrodes is also expected to spread in time, compared to the electron current peaks that we measure. The effect of all the above discussed particles is further reduced by the small typical secondary electron yield values 0.01 γ 0.1. Consequently, it is justified to disregard the contribution of these species to the measured signal, which is indeed a very important point of the model and keeps it reasonably simple.
B. Simulation results
Figures 3(a)-3(e)
show the comparison of the measured and calculated FH current-voltage characteristics, at all different pressure values used in the experiment. We note that the computationally intensive nature of the Monte Carlo approach does not represent any concern here. To compute the FH current-voltage characteristics for all the pressure values 600 runs (5 pressure values × 120 voltage values) have to be carried out, amounting a total CPU time on the order of 100 days. Running the jobs on 30 CPUs of our computer cluster the time necessary to carry out all computations was reduced to a few days.
In the simulation the anode current is measured in arbitrary units, as the ratio of the number of electrons absorbed at the anode and the number of photoelectrons leaving the cathode. As the current is also measured in arbitrary units in the experiment, a scaling factor F is used here to match the two current values; i.e., we compare the values of F I a,calc to those of I a,meas . Note that we use the same scaling factor for all the conditions (pressure, cathode-grid voltage), and we do not use any additional fitting parameters to match the experimental and simulation results. Thanks to the high number of simulated electrons (see Sec. III A) a good statistics is obtained in the calculations. Repetitive calculations resulted in FH characteristics that differ less than 2% from each other at any pressure and voltage values.
A very good general agreement is obtained between the two sets of curves, which verifies our model and justifies its assumptions. Furthermore, it is this agreement that gives confidence in the additional simulation results for which no direct comparison with experimental data is possible. In the following we will present such results characterizing the electron kinetics in the FH cell.
First, we analyze the fluxes of electrons to the different electrodes, as a function of discharge conditions. Besides reaching the anode and creating the current that we can measure, the trajectories of the photoelectrons may as well end at the cathode, at the grid, and at the outer confining cylinder. Figure 4 shows these different current components, normalized by the emitted photoelectron current at the cathode. (In the absence of ionization the sum of these current components is one.)
The behavior of the electron flux at the anode has already been discussed. Our analysis shows that a significant fraction of the primary electrons is backscattered to the cathode and is absorbed there. This effect is most important at low E/n, as discussed in Ref. [56] . We find that at the highest pressure of 4 mbar only ≈35% of the photoelectrons leave the vicinity of the cathode at V cg → 0. This portion rapidly grows with increasing V cg and with decreasing pressure. At the lowest pressure and highest V cg the fraction of "escaping" electrons reaches nearly 100%.
The electron current absorbed at the grid varies with V cg in antiphase compared to the anode current. The additional current component of electrons, absorbed at the confining cylinder, exhibits the same behavior. The fact that the fluxes at the confining cylinder and at the grid are comparable in magnitude for a wide range of conditions, points out the importance of taking into account the finite radial extent of the FH cell in the simulation. Figure 5 shows the dependence of the mean energy of the electrons (left column), the electron-impact excitation rate S exc (middle column) and the electron-impact ionization rate S ion (right column) on the spatial position (x) and accelerating voltage (V cg ). The different rows correspond to different pressures, ranging from p = 0.25 to 4 mbar.
These distributions (as well as those presented later in Fig. 6 ) represent radially averaged quantities. We note here, that, besides the axial electric field, which has a dominant effect on the motion of most of the electrons, the radial electric field near the cylindrical confining wall may accelerate a number of electrons as well. Some of the features seen in Figs. 5 and 6 can only be understood by considering this effect.
The most regular patterns in all distributions are observed at the highest pressure, 4 mbar. Under the relatively low E/n conditions here (see Table I ) excitation occurs mostly to the few lowest-lying levels of Ar atoms, and the ionization rate is very small (note the different color scales in the panels of Fig. 5 ). At this pressure the mean energy of the electrons at the grid and at the anode is strongly modulated by V cg , in agreement with the deep modulation of I a , observed in Fig. 3(e) . With decreasing pressure the patterns of the excitation and ionization rates gradually widen and the modulation on ε decreases. At the lowest pressure and high V cg values (i.e., at the highest E/n values) S exc and S ion take comparable values, and, as electrons are born in a wide spatial domain, the periodic modulation in I a disappears, as seen in Fig. 3(a) .
As an effect of the radial electric field few electrons reach an energy needed for excitation at a spatial position, which is significantly closer to the cathode compared to that one would expect considering the axial acceleration only. Such features are marked with arrows in Fig 5(b) and 5(e).
Further insight into the electron kinetics can be gained via the analysis of the energy distribution of electrons. Energy distribution functions [EDFs, f (ε)] are plotted in Fig. 6 for selected values of the accelerating voltage and argon pressure. At the low accelerating voltage V cg = 8 V only elastic collisions occur, and the spatial dependence of the energy distribution takes a simple form: We observe a gradual increase of electron energy in the first region of the cell (0 x x g ) and a gradual decrease of electron energy in the second region (x g x d ca ). The electron energy falls between 8 and 9 eV range at the position of the grid, and this value decreases by ∼3 eV due to the retarding voltage by the time the electrons reach the anode.
With increasing pressure two notable differences show up at this low value of V cg . At 4 mbar we observe that (1) the electron energy grows to a somewhat lower value and (2) the electron population is strongly depleted near the anode. Both effects originate from the energy losses in a high number of elastic collisions at high pressure. This energy loss, ε/ε ∼ m/M (where m and M are the masses of electrons and Ar atoms, respectively), results as well in a widening of the energy spread. In the second (retarding) region of the cell many electrons turn back to the grid, and, due to the high transmission of the grid they are almost free to oscillate between the two regions of the cell. This effect increases the local electron density in the vicinity of the grid.
At a higher accelerating voltage V cg = 14 V (near which value I a has the first minimum; see Fig. 3 ) we already observe the effect of inelastic energy losses. The fraction of electrons participating in an excitation process gradually increases with increasing pressure [note the weaker upper branch of the EDF beyond the grid in Fig. 6 (e) and 6(h)].
At the highest accelerating voltage, V cg = 45 V, the energy gain-energy loss cycle is repeated several times at high pressure [ Fig. 6(i) high number of excited states accessible at higher electron energies).
As in the case of the source functions shown in Fig. 5 , the effect of the radial electric field near the wall affects the EDFs displayed in Fig. 6 too. The most significant influence is observed in Fig. 6(a) . This is in agreement with the data shown in Fig. 4 , where at p = 0.25 mbar and low V cg the current to the cell wall was found to be dominant among all current components (i.e., many electrons are present in the region of the cell with high radial electric field). The electron acceleration in the radial field also results in a less sharp onset of the excitation with position, as indicated (by white arrows) in panels (b) and (e) of Fig. 5 . The arrows in Fig. 6 (b) and 6(e) indicate the electron population that has already experienced inelastic energy loss in these excitation events.
Finally we analyze the behavior of the electron velocity distribution function (VDF). Unlike in the case of Figs. 5 and 6, data for the VDFs are collected only within the inner, r 7 mm section of the tube, in order to simplify the analysis. Within this domain the radial field is negligible, and we do not expect the VDF to depend on the radial coordinate; thus we use the form f = f (x,v x ,v r ). In Fig. 7 we display a few representative cases, obtained at V cg = 40 V accelerating voltage. The three columns of the figure correspond to three different values of the pressure, 0.25, 1, and 4 mbar. The different rows correspond to various spatial positions.
Common features of all VDFs at p = 1 and 4 mbar are that they are nearly isotropic, and that the mean velocity of the electrons is significantly higher compared to the drift velocity. Significant deviation from this behavior can be observed only at the lowest pressure (0.25 mbar).
In the vicinity of the cathode the distributions take the form of a ring: The magnitude of the velocity shows a small spread, and its direction is nearly isotropic, at all values of the pressure. At the position of x = 3.8 mm these rings are expanded as the electrons already acquire several eV energy, which is, however, still below the excitation threshold. At x = 5.2 mm many of the electrons have already undergone an inelastic collision, but the ones without inelastic losses are still visible at all pressures. The energy gain and loss processes repeat as the distance from the cathode increases. Due to a higher number of electronic states excited only at lower pressures we observe more spreading of the electron velocity at low p, as observed in the VDFs at 9.8 mm. Electrons which have not experienced any inelastic energy loss can be seen up to a distance of 13 mm from the cathode at the lowest pressure.
In the low-field region between the grid and the anode the VDFs become nearly isotropic again, except the one for 0.25 mbar pressure, where some depletion in the v x < 0 direction can be observed due to the absorption of the electrons by the anode. In this region significant structures in the VDF are seen at the highest pressure only. The data have been collected in the inner r 7 mm part of the cell to discard effects of the radial electric field near the cell wall. Each VDF is normalized so that the maximum value equals 1.0; the color scale is logarithmic and covers three orders of magnitude.
IV. CONCLUSIONS
We have carried out a combined experimental and theoretical (modeling) study on a Franck-Hertz cell with plane-parallel electrode configuration. Our experimental cell operated on the basis of photoemission; UV photons of a frequencyquadrupled Nd:YAG laser were used to create primary electrons. By eliminating the need for a heated cathode we were able to ensure a uniform gas density distribution inside the FH cell, which made modeling more straightforward. We are not aware of any previous experiment based on photoelectrons and of any study that took into account the nonuniform gas density distribution in the models of "thermionic" FH cells.
In the experiment we have recorded the anode currentaccelerating voltage characteristics of the cell in argon gas, at different pressures between 0.25 and 4 mbar. This range of pressure covered highly collisional conditions with significant elastic collisional energy losses (high pressures) as well as conditions when the ionization rate becomes comparable to the excitation rate (low pressure and high V cg ).
Our modeling study has been based on Monte Carlo simulation, which provided an exact description of the electron kinetics under nonequilibrium (nonhydrodynamic) conditions for electron transport, typical for FH settings.
The experimental cell characteristics have been reproduced rather accurately by the modeling calculations. The coldcathode operation achieved in the experiment allowed the assumption of a uniform gas density distribution in our modeling studies. The simulations made it possible as well to obtain the spatial variation of the velocity and energy distributions of the electrons, their transport parameters, and the rates of excitation and ionization processes.
The simulations took into account the finite radial size of the FH cell. Calculation of the currents flowing to the different electrodes showed the effect of the "back diffusion" of the electrons to the cathode at low E/n, and a significant electron flux to the confining cylinder of the tube at low pressures, where collision-free paths are long. We have demonstrated the effect of the finite radial size of the tube and the consequent radial electric field on the spatial distribution of the excitation and ionization rates, and on the energy distribution of the electrons (Figs. 5 and 6, respectively) .
For simplicity, the electron velocity distribution function (VDF) has been analyzed within the inner (near-axis) part the tube, to disregard its dependence on the radial coordinate. The VDFs have been found to be nearly isotropic at higher pressures; significant deviation from this behavior was seen only at 0.25 mbar. We note that the mean velocity of the electrons was found to be significantly higher compared to the drift velocity. It also follows from the nearly isotropic characteristic of the VDF for most of the conditions, that electrons cross the mesh plane several times until eventually getting absorbed there, or at the anode. (This is the reason why a high transmission grid has to be used in the experiment.)
The effects of elastic collisions, excitations, and ionization processes were identified on plots of rate coefficients, electron energy, and velocity distribution functions, under varying conditions at different pressures and different accelerating voltages, uncovering the complex electron kinetics in the Franck-Hertz experiment.
Forgács, J. Tóth, and Gy. Császár for their contributions to the construction of the experimental apparatus, and L. Varga for supplying the Mg disk used as the cathode in the experimental cell.
